Objectives-Sonography is a clinical tool being incorporated in multiple medical specialties with evidence of improved patient care and cost. Some schools have begun implementing ultrasound curricula. We hope to build upon that foundation and provide another potential framework of incorporation. There are several barriers, including curricular space, equipment and physical space, adequate faculty, and performing assessment.
access extends from any hospital or clinic bedside to even very remote resource-limited settings, such as rural Appalachia and sub-Saharan Africa. Sonography is an efficient, cost-effective tool that improves diagnostic accuracy and safety, reduces radiation exposure to patients, and increases patient satisfaction. 1 Due to these qualities, POCUS is a valuable tool for almost every medical specialty, such that basic ultrasound competence from every physician is a reasonable expectation and should be a core competency for all graduating medical students. 2, 3 Ultrasound training has become more common in residency and fellowship training nationwide, where its benefit has been demonstrated. 4 It is possible that POCUS training would already be a basic component of undergraduate medical education if not for the considerable challenges associated with implementing new practical skills-based training. Some challenges that have been previously described include lack of space in an already crowded curriculum, lack of facilities and equipment, lack of adequately trained faculty, performing adequate meaningful assessment, and a lack of hands-on opportunities for students. 2, 5 Despite these difficulties, a few pioneering medical schools have recognized the wide applicability and utility of POCUS and have begun to institute ultrasound training into the undergraduate curriculum. At these institutions, sonography has been incorporated into clinical skills and anatomy courses with positive student feedback. 6 The University of South Carolina School of Medicine provided a detailed description of their longitudinal curriculum in 2006, as well as a 9-year follow-up study outlining their successes, challenges, and evolution. 2, 7 Other schools have also instituted ultrasound curricula with reported success including Wayne State, University of California, Irvine; Ohio State; and the Icahn School of Medicine. 3, 6, 8, 9 These curricula vary from required components through all 4 years with ultrasound demonstrations in larger groups to honors curricula for select students, experiential learning modules, and/or small group sessions with variable reporting of competency assessment.
It is clear that medical schools are increasingly interested in implementing sonography into their curricula; however, there is currently wide variability with methods of curricular implementation. 6 Until recently, only a few descriptions of comprehensive, longitudinal ultrasound curricula have been published. 3, [6] [7] [8] [9] More examples of curricular incorporation, emphasizing the different aspects of success versus challenges overcome may be valuable to educators and school leadership early in the process of ultrasound curricular integration.
At West Virginia University (WVU), ultrasound training was incorporated not as a stand-alone curriculum, but as a curricular "thread," with components in many courses throughout the 4 years of medical school. This "thread" model introduces unique advantages and challenges, specifically regarding its assessment and incorporation during clerkships. We hope that our present description, successes versus challenges, outcomes of implementation, and lessons learned will assist others who are beginning this process, specifically related to the concept of a curricular thread, performance of practical assessment, and incorporation into clinical rotations.
Materials and Methods

Context
The WVU Doctor of Medicine (MD) curriculum admits approximately 115 students per class. The first 2 years are held on the Morgantown campus. The MS1 curriculum is largely a discipline-based curriculum (biochemistry, physiology, anatomy, histology, etc). The MS2 curriculum is a more system-based curriculum integrating microbiology, pathology, immunology, and pharmacology. The physical diagnosis and clinical integration course spans the first 2 years of the curriculum. For the clinical years (MS3, MS4), students are assigned to 1 of 3 campuses-Morgantown, Charleston, or Easternwith approximately 65, 35, and 15 students assigned to each campus, respectively. WVU is fortunate to be home to state-of-the-art simulation facilities, including available ultrasound equipment at all 3 campuses.
Impetus
The Department of Emergency Medicine at WVU commenced a fellowship in clinical ultrasound in July 2011. During the preceding graduate medical education approval process, school leadership was introduced to the utility of sonography as a general tool for physicians, causing interest in this field to grow. The medical school then sought more information and requested that a subsequent proposal be developed for a longitudinal ultrasound curricular thread at WVU.
After initially gaining approval for a fourth-year clinical ultrasound elective from the school's curriculum committee, a subcommittee was formed to develop a longitudinal curricular thread for clinical ultrasound. This subcommittee was composed of faculty from all aspects of the undergraduate medical education program, including basic sciences, clinical skills and simulation, and multiple specialists from clinical rotations. The subcommittee was tasked with assessing the general and specific needs of our students; developing the goals, objectives, educational strategies, and overall implementation plan; and competency assessment for this curricular thread. Specific discussions included who would lead the thread, what would be taught, by whom, where in the different parts of the curriculum, how to include meaningful and effective practical skills, how it would be assessed, and how to create synergy with the larger curriculum. The proposal was presented to the curriculum committee and, after several revisions, was eventually accepted for implementation for the class matriculating in fall 2012. A thread director was named to oversee and guide the implementation.
Description of Ultrasound Curriculum
Building the Foundation In January 2013, the comprehensive ultrasound curricular thread was implemented, beginning with the incoming MS1 students. Each additional year of the thread was added sequentially over the next 4 years. The general philosophy of the curriculum was to teach high-yield ultrasound content with broad relevance across most medical specialties. A clinical ultrasound framework was integrated within and superimposed onto the existing curriculum as follows: (1) indications, (2) image acquisition, (3) image interpretation, and (4) clinical integration.
To address issues of curricular space, course directors were involved from the early design period in order to identify optimal areas to include ultrasound content and practical sessions that most seamlessly flowed with the larger curriculum. To address facilities and equipment, we were able to identify existing, appropriate physical space and worked with leaders from other schools to coordinate scheduling, allowing for effective sharing of the space between schools. We also received financial support from the dean's office to purchase equipment. We sought the best pricing from several vendors and obtained refurbished equipment that met our needs. We were initially able to obtain 20 cart-based ultrasound systems, with at least 10 of each major transducer type: phased array, curvilinear, and linear, and a variety of other more specialized transducers. We also purchased 20 single-probe V-scans (GE Healthcare, Milwaukee, WI), which were distributed to each campus based on class size: 14 to the Morgantown campus (to be used during both the preclinical and clinical years), 4 units to the Charleston campus, and 2 units to the Eastern campus for use during the clinical rotations. All handheld units were initially housed at each site's simulation center, where they could be signed out by students and/or faculty. A cart was housed with 3 transducers at the Eastern campus; the Charleston campus was fortunate to have 1 or 2 previously acquired ultrasound carts.
From a faculty perspective, we have relied heavily on expert faculty from within the Department of Emergency Medicine, including residents and ultrasound fellows. However, we have been fortunate to recruit expert educators from other departments to participate in hands-on ultrasound teaching for our students, including sonographers and physicians from radiology, family medicine, surgery, obstetrics/gynecology, cardiology, and intensive care. Some important strategies in recruiting faculty have included: 1. Give faculty tools for success. We provided detailed expectations and step-by-step instructions for each practical session, as well as offered brief faculty review sessions prior to labs. 2. Respect and appreciate faculty time. We often asked for volunteers to teach in only 1 or 2 lab sessions. If many faculty can give a small time commitment, the work is less burdensome. We also attempted to show gratitude both in person and with public letters of thanks. 3. Seek faculty feedback. We continually sought feedback from faculty in order to improve the logistics and materials for lab sessions.
To provide meaningful assessment, we worked with course directors to devise optimal strategies for timing and performance of assessment that was most synergistic within the previously existing curriculum. Finally, to ensure that students had adequate hands-on opportunities beyond structured labs, we incorporated open laboratory sessions; we made cart-based equipment available to students during off hours and allowed sign-out of handheld units for self-guided practice.
MS1 Year
The most logical and least intrusive way to incorporate sonography into the first year was during the gross anatomy portions of the Human Structure course. Six lectures were developed that introduced the use of clinical ultrasound, and correlated appropriately with the anatomy content. Each lecture was accompanied by a 2-hour workshop. Approximately one third of the class was assigned to the workshop at a time; students were assigned to attend the workshops during a portion of their gross anatomy laboratory dissection time. Great care was taken to assign students in a fashion that allowed each group, at any given dissection table, to continue their gross dissections, while 1 to 2 students were away attending ultrasound laboratory. A large simulation/skills classroom containing multiple patient beds that was typically used in the School of Nursing was identified and a shared schedule was coordinated. For most laboratories, 10 beds, each with an ultrasound machine and a standardized patient was arranged. Four students were assigned to each bed. Generally, 1 faculty member was assigned to 2 adjacent beds.
Step-by-step laboratory guides were developed and made available to the students. The guides provided detailed instruction on which transducers, machine settings, patient positioning, initial transducer placement, and strategies to identify given anatomic structures. Images and diagrams of sonographic anatomy were included. The sequential lectures and laboratories consisted of: The students were assessed in a multimodal fashion via written and practical exams. Written ultrasound material was assessed by 3 separate ultrasound-specific multiple-choice quizzes administered approximately every 3 to 4 weeks. These quizzes focused on proper technique and recognition of structures. Additionally, ultrasound content consisting of clinical vignette multiple-choice questions was included on larger Human Structure course exams, occurring approximately every 5 weeks. Finally, an end-of-semester practical assessment was administered. The practical consisted of 6 stations, where students were required to obtain a satisfactory image of a given anatomic structure within 5 minutes at each station. Structures were randomly assigned from a list of previously reviewed structures from the course corresponding to each body area.
MS2 Year
As these initial students progressed to the second year, ultrasound content was incorporated with their lectures in coordination with basic science faculty. For example, during the lectures on endocarditis, echocardiographic images reviewing the pathologic findings were included. Additionally, for the physical examination clinical encounters, students were provided instructions and clinical context with expectations to acquire ultrasound images of select structures that corresponded to the component of the physical examination for that module. For example, students were expected to acquire images of the carotid artery, internal jugular vein, and thyroid gland during the module on the head and neck examination. Select practical sessions were held that corresponded to the organ systems being covered in the course. Prior to practical sessions, students were expected to review brief online videos reviewing key sonographic pathology. For example, during the cardiac module, a brief online video reviewing key echocardiographic pathologic findings was administered, and students practiced their technique in guided laboratory sessions that were structured similarly to sessions during their first year. Initially, sessions on lower extremity deep venous thrombosis, cardiac, and female pelvis sonography were included. Although students were required to attend all sessions, formal assessment was not performed for the initial class.
MS3 Year
As students enter the third year, they are assigned to different campus sites for clinical rotations. Each site has its own faculty, clinical schedule and spaces, educational facilities, and information systems. These barriers present a challenge in offering a standardized curricular thread. During the third year, students were provided with and encouraged to review brief case-based videos on select high-yield, clinically focused ultrasound topics. These videos were developed by emergency medicine ultrasound faculty, ranging from 5 to 15 minutes long, and were available on YouTube. Videos were supplemented with written quizzes that were also encouraged but not initially required. These optional quizzes were the only form of assessment in the initial class. Students had access to handheld equipment (GE single-probe V-scans) for use in the clinical environment, and were instructed on proper utilization. Instructions for using sonography during their clinical rotations included: The obstetrics and gynecology rotation had already been teaching sonography and added it as a required procedure for their rotation. Additionally, during the surgical clerkship, students were required to attend a practical session on ultrasound-guided central venous catheter placement, as well as a simulated patient scenario involving postoperative intra-abdominal bleeding, where sonography is used to confirm the diagnosis.
MS4 Year
In the fourth year, the curriculum was more varied due to electives. Students still had access to equipment and multiple scanning opportunities but with less structure. Electives in radiology and emergency and clinical ultrasound were available to fourth-year students. Sonography is used and taught in other fourth-year rotations, including anesthesia and critical care, although in a less standardized fashion.
Measurement and Analyses
In 2016, a survey of the graduating medical students who had completed the full ultrasound curriculum was conducted. The survey consisted of the following: 12 Likert scale questions regarding opinions and perceptions on the utility of the ultrasound content; demographic-based questions, including intended specialty and campus attended during clerkship years; and open-ended questions on the successes and areas of potential improvement for the curriculum. For example, Ultrasound will help me make more accurate diagnoses was scored using the Likert scale options of Strongly Agree, Agree, Neutral, Disagree, Strongly Disagree, and I prefer not to answer. We hypothesized that students entering specialties with more or less anticipated ultrasound emphasis or usage would perceive the curriculum differently. The full version of the survey administered to these students can be seen in the supplementary material.
Descriptive statistics were calculated for all variables, with comparisons made among the 3 campuses. We devised a scoring system for the Likert scale questions, with a maximum possible score of 62 if all areas of the curriculum were rated as strongly favorable. Scores of greater than 42 were regarded as favorable, and scores were compared across anticipated specialties and campuses. Responses to open-ended questions were analyzed using conventional content analysis, wherein text responses were coded and then grouped into categories and eventually into emergent themes for each question.
Dissemination
The survey was distributed in February 2016 via REDCap (Research Electronic Data Capture) to a listserv of students anticipating matriculation in May 2016. REDCap is a secure, web-based application designed to support data capture for research studies. 10 The survey was optional, and results were anonymous. A $10 Starbucks gift card was offered as an incentive to anyone who completed the survey. This study was approved by the WVU Institutional Review Board.
Results
Student Performance
For this initial class, the primary required assessments took place during the first year of the curricular thread. All students passed all ultrasound components with an average score of 89% on graded ultrasound materials including ultrasound-specific quizzes, the practical examination, and the ultrasound-specific questions on Human Structure examinations.
Survey Outcomes
We received responses from 82 of 91 graduating medical students (90% response rate) who had participated in the full curriculum. Most students (62%) completed their rotations at the Morgantown campus. The most popular reported specialty choices were internal medicine (10) and pediatrics (10). Our 3 campuses had the following positive survey rates: Morgantown, 92.2% (47 of 51), Charleston, 100% (20 of 20), and Eastern, 81.8% (9 of 11). The overall positive survey response rate was 93%, with the Charleston campus rating the curriculum most favorably at 100% (Figure 1) . The ultrasound curriculum received the highest average score from students pursuing ophthalmology (56 of 62) and the lowest average score from students pursuing otolaryngology (42 of 62), as seen in Figure 2 .
Across all 3 campuses, the majority of students felt that the curriculum would aid them in developing more accurate diagnoses and allow them to perform procedures in a safer manner (Table 1) . Of 82 responses, we received 6 negative surveys (7%). Among the 16 student-preferred specialty choices, those that scored poorly included emergency medicine (1), family medicine (2), internal medicine (1), pediatrics (1), and psychiatry (1). Of those students enrolled at the Morgantown campus, 69% believed that sonography was inadequately incorporated into their clinical rotations.
Written comments were provided by 67 of 82 (82%) of students. Upon conducting content analyses, 2 overwhelming themes emerged from the data: increase ultrasound usage and integration during third-and fourth-year rotations, and increase faculty ultrasound usage and integration. Students were adamant about wanting more ultrasound integration into clerkships. Students also desired more simulation laboratories, workshops, and refresher courses, allowing for more educational opportunities, as continuing education and usage drop off after second year. Comments were frequently specific to clerkship site. For example, Charleston campus students noted a lack of portable units and an inability to access them. Eastern campus students requested to work with a sonographer on all shifts. Morgantown campus students desired more ultrasound education than the fourth-year elective.
Discussion
Based on the results of our survey, the goals of introducing a clinically relevant, hands-on, active learning curriculum for POCUS that was perceived as valuable by students was achieved. Open-ended responses were overwhelmingly positive, with many students suggesting that more mandatory ultrasound components be included during the clinical years of their training. Students consistently proposed ways to incorporate sonography into the curriculum, with the common theme that they simply wanted to learn more sonography during their education. More simulation labs, workshops, and refresher courses were common recommendations. Another recurrent suggestion for improvement to the curriculum was to increase faculty ultrasound usage and integration across multiple specialties. Students are aware that certain specialties may use sonography more than others, but state that they frequently faced resistance and skepticism from faculty. Unfortunately, students are concerned that this is causing a decrease in their ultrasound usage and educational opportunities.
The authors characterized anticipated specialties into heavy use of sonography and light use of sonography. This characterization was based solely on author opinion. We theorized that students anticipating practice in "ultrasound-heavy" specialties would have more favorable perceptions of the curricular thread. Interestingly, some of the lowest survey scores were from students anticipating matching into ultrasound-heavy specialties, but there was an overall trend toward higher survey scores from students pursuing ultrasound-heavy rotations (see Figure 2) . It may be that students pursuing ultrasound-heavy specialties have more interest in ultrasound education, but some may also have higher expectations for their ultrasound education.
General Improvements to the Curricular Thread
Over the past few years, many updates and improvements have been made to our curricular thread. Some of these changes were planned from the onset and initially weren't feasible in the early stages of implementation due to the high demand for faculty time when a new large-scale initiative similar to this is started. Other improvements were incorporated in response to feedback from students on course surveys and from the faculty during course and clerkship director meetings. A summary of the curricular thread and its implementation, challenges, and ongoing development is presented in Table 2 .
More handheld units have been acquired. We currently use the GE dual-probe V-scans, which allows for highly portable access to a wide variety of ultrasound applications. We now have 100 of these units available, 48 of which are at the Morgantown campus's simulation center for general sign-out, while the others are assigned to specific clerkships at each campus. Since sonography is widely available in obstetrics and gynecology clinical spaces, no handhelds are assigned to that clerkship, and none are assigned to the psychiatry clerkship. Distribution of the handheld units was based on relative numbers of students and clinical sites at each campus (Table 3) .
Open laboratory scanning time has increased. Students continue to have after-hours access to equipment where they may practice. This open laboratory time and after-hours access is available to all students but is primarily used by students in the preclinical years. There are periodic informal open laboratory times proctored by a single faculty. Additionally, the Ultrasound Interest Group was founded shortly after the initiation of our curricular thread, holding periodic practical reviews and lunchtime sessions approximately every 6 weeks to assist junior students with various ultrasound topics.
MS1 Year
A lecture and demonstration on ultrasound use in the evaluation of cardiovascular physiology is now a part of the Human Function course. Cardiovascular and respiratory physiology laboratory sessions during Human Function now include ultrasound content. During practical sessions, we have instituted smaller student-toworkstation ratios; currently, most workshops stick to a 2:1 ratio. With the decreased ratio, workshops are more efficient, and no additional instruction time is required. An additional lecture and demonstration covering ocular and head and neck sonography has been incorporated. 65.85 I found the hands-on ultrasound labs with standardized patients helpful in learning ultrasound.
94.94 I found the hands-on ultrasound labs with standardized patients helped me gain confidence in interacting with patients.
84.81
I found the hands-on ultrasound labs with standardized patients helpful in developing professionalism and communication skills.
82.28
I feel that the incorporation of ultrasound into the clerkships (third and fourth year) was adequate. 23.17 I feel the ultrasound curriculum should continue.
98.77 I think every doctor should be taught to use ultrasound.
93.83 
MS2 Year
The embedded ultrasound content that is given by faculty has increased, as more faculty have become comfortable discussing this content. The students are now evaluated on ultrasound knowledge during the second year with clinical vignette-style, multiple-choice questions focused on image interpretation, recognition of pathologic findings, and introductory clinical integration. These questions are now included on the general course examinations as well. Additionally, the required observed structured clinical examination contains a station that assesses practical ultrasound skills.
MS3 Year
The required ultrasound content in the clinical rotations has increased. The obstetrics and gynecology requirements are now more specific, and students are given more opportunities to perform fetal and endocavitary studies. The surgery clerkship has added required ultrasound scans to the rotation. Additionally, the clerkships for internal medicine, family medicine, and pediatrics at each campus have incorporated ultrasound experiences and content into their structure in different ways, with multiple pilot programs ongoing. WVU students now must pass a clinical skills practical examination to be eligible for graduation. One or more stations assessing practical ultrasound skills, as well as clinical integration, have recently been incorporated as part of this examination.
MS4 Year
There are still many opportunities for students to scan, and handheld equipment is widely available. Additional functionality now allows students to log their ultrasound studies in E-Value, our school's procedural and clinical tracking system. Enrollment in the elective for emergency and clinical ultrasound continues to increase.
Areas of Continuing Development Preclinical
There are continued efforts to incorporate ultrasound content further into the physical diagnosis course. Students are currently given assignments to perform specific ultrasound scans during patient experiences; however, these images are not routinely captured or tracked, and no formal process for formative feedback exists. We hope to incorporate image archival and feedback processes for students in the near future. Optimal methods for practical assessment is another area of ongoing development.
Clinical
Similar to the preclinical years, students currently have no system to archive images and receive structured feedback. We hope to incorporate these capabilities in the near future. As noted above, practical assessment of ultrasound skill and clinical integration are being further developed. Faculty development is ongoing to assist faculty in not only incorporating sonography as part of their clerkships but also as a patient care tool.
Limitations
Our study has several limitations. The most significant is that our survey reflects student perception. It does not objectively assess student competence in POCUS nor its impact on patient care or the larger health care system, although, as mentioned above, students did perform well on objective POCUS assessment within the curriculum. While we believe that producing more physicians with skills in POCUS will ultimately improve patient care and health care costs and there is evidence for the benefits of POCUS in these areas, our data do not directly address these issues. [11] [12] [13] [14] Recall is another limitation. The nature of this survey that was administered at the end of medical school may lead to poor recollection of specific ultrasound components by students. Further work is needed to clarify the benefits of POCUS training to students as they move into graduate-level training as well as the benefits to patients and health care delivery as a whole.
Conclusions
Thanks to the vision and support of the leadership at the WVU School of Medicine, as well as the collaborative multidisciplinary interest and support, we were able to develop and implement a successful curricular thread for POCUS that was well received by our first graduating class. We have been able to navigate the wellknown challenges, while incorporating a meaningful and relevant hands-on, active learning experience. Some of the keys to our success have been support from leadership, sufficient planning that involved faculty from the impacted courses, and an emphasis on intense practical experience for students. As this curricular thread continues to evolve along with advances in ultrasound technology, we anticipate a greater role of sonography in not only physician education but other health professions as well. 15, 16 We envision that with continued progress, sonography will be seen less as a separately identified skill set, and instead a routine component of bedside care for all physicians and health care providers.
